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Abstract

In this paper, we demonstrate a wet treatment process on
HfSi,/HfO, gate stack of nMOSFET fabricated with a gate last
process in order to scale down the Tinv (electrical thickness at
inversion state) value and reduce Jg (gate leakage). As a result, we
succeed in scaling down Tinv to 1.41 nm without mobility and Jg
degradations by using ozone-water-last treatment. we find that a
high-density interfacial layer (IFL) is formed owing to
ozone-water-last treatment, and Hf diffusion to IFL is suppressed,
which has been analyzed by high-resolution angle-resolved
spectroscopy.

Introduction

The main advantage of the Metal/High-k technology is the
scalability of Tinv due to the elimination of gate depletion.
However, there have been reports on degradation of electron
mobility in thin Tinv region with Metal/High-k stacks [1]. We have
reported that high electron mobility and low Jg at thin Tinv [2-5].
To achieve high electron mobility and low Jg in thinner Tinv region,
the control of High-k/Si IFL is an important factor. It has been
published from us that HfO,/Si IFL thicknesses affect the electrical
characteristics [6]. In this study, we developed a wet treatment
process to improve the HfO,/Si IFL quality. Thus, the further Tinv
scaling and Jg suppression will be discussed.

Experiments

HfSi,/HfO, nMOSFETs using a gate last process were fabricated
(Fig.1). Three kinds of treatment process before depositing HfO, by
ALD (Atomic Layer Deposition), namely SC2-last treatment,
DHF-last treatment, and ozone-water-last treatment, were
performed for samples preparation. ALD cycle case was fixed on A
and B (cycle number A < B). After post deposition anneal (PDA) at
500 °C, HfSi, was deposited by PVD method. Samples for film
analysis were extracted after and PDA, and then TEM
(Transmission Electron Microscope) analysis was carried out to
investigate the IFL thickness. Films were also analyzed by HR-ARS
(high-resolution  angle-resolved spectroscopy) using bright
synchrotron radiation. This was done to investigate the depth profile
using MEM (Maximum Entropy Method) analysis [7], and estimate
IFL density [8].

Results and Discussion

First of all, electrical properties investigation was carried out.
Fig.2 shows the Tinv as a function of ALD cycle case with various
treatment processes. Tinv of the stack forming by SC2-last
treatment is thinner than that by ozone-water-last treatment
(Tinv=1.41nm). Besides, the stack of DHF-last treatment has the
thinnest Tinv among the three different treatments. It suggested that
IFL structure or HfO, thickness are different among the three
treatments. Fig.3 shows the electron mobility as a function of the
E.r with three treatment processes. Although Tinv is thinner,
electron mobility with IFL formed by ozone-water-last treatment is
about the same value to that of SC2-last treatment, achieving to
universal value. While the IFL formed by DHF-last treatment has
the thinnest Tinv, degradation of electron mobility is observed.
Fig.4 shows the Jg characteristics as a function of the Tinv under
various treatment processes. Compared with SC2-last and
ozone-water-last treatments, the stack formed by ozone-water-last
treatment has lower Jg than that by SC2-last process, and the stack
of DHF-last process has the lowest Jg among three treatment stacks.
Fig.5 shows Jg-lon characteristic of HfSi,/HfO, with various last
treatment processes. The stack formed by ozone-water-last

treatment shows an improved behavior compared to that by SC2-last
treatment on Jg-lon characteristics in order to Jg reducing and Tinv
scaling without mobility degradation.

Following investigation of electrical properties, film analysis was
carried out. Fig.6 shows TEM images of HfO,/IFL at the samples
prepared with various wet last treatment processes, namely, (a)
SC2-last, (b) DHF-last and (c) ozone-water-last. The most important
point is that no IFL thickness varied with last treatment process (IFL
thickness is about 1.1nm). For another point, we notice that HfO,
thickness used by DHF-last process is thinner than that of other last
processes. In this point, we think that incubation time of HfO,
deposition is long on DHF-last treatment. Fig.7 shows the depth
profiles of Hf, Si-oxide, Si-bulk, O atoms concentration obtained by
MEM analysis. Hf 4f, Si 2pOxide, Si 2p bulk and O 1s spectra were
detected by HR-ARS and using on MEM analysis. Fig.8 and Fig.9
show depth profiles of Hf or Si-oxide concentrations. It is revealed
that the amount of Hf diffusion to IFL is the smallest on
ozone-water-last treatment film (in Fig.8), and IFL thickness is the
thinnest on DHF-last treatment film, thickest on SC2-last treatment
film (in Fig.9). Table.l1 summarized IFL density estimated from
HR-ARS intensity with various last treatment processes. High
density IFL is formed by ozone-water-last treatment. Fig.10 shows
models of Hf diffusion to IFL for different last treatments. The film
of SC2-last treatment is the thickest Tinv among three different
treatments, because the IFL thickness is the thickest. Next, the film of
ozone-water-last treatment has thinner IFL than that of SC2-last.
Besides, the amount of Hf diffusion is the smallest among the three
different treatments, due to IFL formed by ozone-water-last treatment
has a high-density (Table.1). Finally, the film of DHF last treatment
has the thinnest Tinv among the three different treatments, because
the IFL and HfO, thickness is the thinnest. Then, the electron
mobility degradation is shown and Hf diffusion is large. As these
results, the most effective method to scale down Tinv and suppress Jg
without mobility degradation is ozone-water-last treatment.

Conclusion

We have succeeded in scaling down the Tinv of nMOSFET to 1.41
nm without mobility degradation by used ozone-water-last treatment
compared with SC2-last treatment on HfSi,/HfO, gate stacks. And Jg
was also suppressed by using ozone water last treatment. The cause
of Tinv scaling without mobility degradation and Jg suppression was
the reduced Hf diffusion due to high density interfacial layer formed
by ozone-water last treatment.

Acknowledgements

The authors would like to thank N. Kitano and M. Kosuda of

CANON ANELVA CORPORATION for their technical supports.

References

[1] R. Chau, Pro. AVS. 5th. ICMI, p.1, (2004)

[2] T. Hirano et al., Tech. Dig. IEDM, p.911, (2005)

[3] T. Ando et al., Tech. Dig. VLSI, p.208, (2006)

[4] K. Tai et al., Tech. Dig. ESSDERC, p. 121, (2006)

[51S. Yamaguchi et al., Tech. Dig. VLSI, P.192, (2006)

[6] T. Ando et al., VLSI-TSA, p.46, (2007)

[7] A.K.Livesey et al., J. Electron Spectrosc. Relat. Phenom.
67,439, (1994)

[8] S. Tanuma et al., Surf. and Interface Anal., 20, 165, (1993)

-848-



400

1.6 o
Dummy gate removal >
SC2-last ~ )
Pre-treatment ——— DHF-last SC2-last E universal —
ALD HfO, deposition | 0Zone-water-last g0 O\/O > 300 |
PDA at 500°C £ =
HfSi, deposition E 14 | o é’ 200 | !
WITiN deposition =" /' T § —o— DHF-last
Metal CMP ozone-water-last DHF-last E —a—ozone-water-last
NSG Formation 1.3 : W 100 : . . .
Metallization A B 0 0.2 04 0.6 0.8 1 1.2
FG anneal (400°C, 60min) ALD cycle case Eeff (MV/cm)
Fig.1 Process flow of HfSi,/HfO, gate Fig.2 Tinv as a function of ALD cycle Fig.3 ~ Mobility  characteristics  of
stack nMOSFETs fabricated with a case under various interface treatments HfSi,/HfO, gate stack under various
gate last process, and samples for before HfO, deposition. intertace treatments before HfO, deposition
analysis used in this work.
__ 1.0E+01 2.0E-04
I ozone-water-last =
g < ozone-water-last
< 1.0E+00 | 3 1.9E04 | \
32 SC2 last <
- 0 :
£ 1.0E01 | / ® 18E04 T i SC2-ast
> DHF last 5
g 2 DHF-last
=  1.0E-02 L L 1.7E-04 L L
1.3 1.4 1.5 1.6 1.0E-02 1.0E-01 1.0E+00 1.0E+01
Tinv (nm) Jg@Vth+0.8V (A/cm?)
Fig.4 Tinv-Jg characteristics of HfSi,/HfO, gate stack Fig.5 Jg-lon characteristics of HfSi,/HfO, gate stack
under various interface treatments before depositing %r’lr%er various interface treatments before depositing

2.

(a)
Fig.6 TEM images

(b) (c)

with various interface treatment processes, namely (a) SC2-last, (b) DHF-last,

and (c) ozone-water-last treatment.

treatment process, SC2-last, DHF-last
and ozone-water-last.

100
= 80 —O— Hf
< o Sitoxide) treatment density (g/cm®
5 1 —e—Si(Bulk) ensity (g/cm”)
g o0 40 SC2-last 2.1
g 40 DHF-last 2.1
8 5 SC2-last DHF-last ozone-water-last 2.4
0 P SRR . o
0 10 20 30 40 50 600 10 20 30 40 50 Tablel Comparison of IFL densities
Depth (A) Depth (A) Depth (A) estimated from SR-XPS intensity
Fig.7 Comparison of depth profiles of Hf, Si-oxide, Si-bulk, and O atoms for deferent interface treatment
concentration obtained by MEM analysis under various interface treatment processes.
processes, SC2-last, DHF-last and ozone-water-last.
40 — —1. 3% : o) B Uplaieteieieisietet
i-su Q isub |l uem @Ol TT@  Gp |V
< 35 2 2 HfO, IFL E Si-sub @ HfO, ; uniform! [T) HfOz@ : =
c 30 S 25 |SC2-last e : J,( J} ..... thm @ HfO. }@ﬁ
2 25 —e—SC2-last g \ | thin | |high-density-FL| 1 thin | _| IFL_¥ _
© £ 20 HHHK 1 OOk
t 20 —0O— DHF-last 3 ; ' ; ! ;
§ 5 E 15 Si ! Si ! Si
S —&—ozone-water-last | S o H !
o 10 g SC2-last | 0zone-water- last | DHF-last
£ 5 % 5 _
0 5 0 . Tinv :thick thin thin
0 10 20 30 40 0 10 20 30 40 Jg:high low low -
Depth (A) Depth (A) mobility: good good degradation
Fig8 Depth profile of HF Fig9 Depth profile of Si-oxide Fig. 10 Models of H diffusion to IFL for films
concentration under various interface concentration under various interface used different interface treatments.

treatment processes, SC2-last, DHF-last
and ozone-water-last.

-849-




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




